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Introduction
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Current Status
• CDF found no evidence for 

polarization in Run I       
Phys. Rev. Lett. 88, 161802 (2002).

• DØ finds it to be 
longitudinal at low pT, 
then transverse at high pT
Phys. Rev. Lett. 101, 182004 (2008).
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• Models:
NRQCD – Braaten & Lee, Phys. Rev. D63, 071501(R) (2001)
kT – Baranov & Zotov, JETP Lett. 86, 435 (2007)

• But pure states are naturally polarized…

• Even after decades of theoretical and experimental research, 
quarkonium production is still not well understood

• Quarkonium polarization is sensitive to the production mechanism 
and therefore important to the theoretical understanding

Motivation
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NRQCD factorization
Braaten & Lee, Phys. Rev. D63, 071501(R) (2001)
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DØ
DØ Collaboration, Phys. Rev. Letters 101, 182004 (2008)

CDF Run I
CDF Collaboration, Phys. Rev. Lett. 88, 161802 (2002)

kT factorization
Baranov & Zotov, JETP Lett. 86, 435 (2007)
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file://localhost/Users/ilsi/Documents/JPsi/Talks/MyTalks/Graz2012/cdf-Y1S-vs-theory
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http://link.aps.org/doi/10.1103/PhysRevLett.108.151802
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• Polarization is measured through the average angular decay 
distribution – for vector particles most generally written as

• Two extreme angular decay distributions:

Quarkonium Polarization
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Longitudinal polarization
Jz = 0

dN

d cos ✓d�
/ 1 + �✓ cos

2 ✓ + �� sin
2 ✓ cos 2�+ �✓� sin 2✓ cos�

where λθ, λΦ, λθΦ are the polarization parameters

Transverse polarization
Jz = ±1
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Frame Independent Parameter

• Define frame invariant parameters such as ! from the full 
angular distribution of a given frame
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Frame Independent Parameter

• Define frame invariant parameters such as ! from the full 
angular distribution of a given frame
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Definitions

• Angular decay distribution measured 
with respect to a certain reference 
frame:

- center-of-mass helicity HX (polar 
axis zHX ≈ direction of quarkonium 
momentum)

- Collins-Soper CS (zCS ≈ direction of 
relative velocity of colliding 
particles)

- perpendicular helicity PX (zPX ⊥ zCS)

• Usage of the dimuon decay channel
ϒ(nS) → µ+µ-

5

Quarkonium polarization 
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General concepts of the polarization of vector quarkonia 

Quarkonium 

rest frame 

production 
plane 

y x 

z 

! + 

Quantization axis z 

"#  = +1 : “transverse” polarization Jz = ± 1 

Jz = 0 

"#  = +1 
"$  = "#$ = 0 

"#  = –1 
"$  = "#$ = 0 

"#  = -1 : “longitudinal” pol. 

zCS 

zHX 

arXiv:1006.2738 

zCS % direction of colliding partons 
zHX = direction of quarkonium momentum 

ϒ

momentum configuration. However, contrary to NRQCD, no hierarchy constraints
are imposed on these configurations, so that the cross section turns out to be domi-
nated by QQ̄ pairs with vanishing angular momentum (1S0), in either colour-singlet
or colour-octet states. In their long distance evolution through soft gluon emissions,
J = 0 states get their colour randomized, assuming the correct quantum numbers of
the physical quarkonium. As a result, the final angular momentum vector ⌅J has no
preferred alignment.

In two-body decays (such as the 3S1 � ⇤+⇤� case considered in this paper), the
geometrical shape of the angular distribution of the two decay products (emitted back-
to-back in the quarkonium rest frame) reflects the polarization of the quarkonium
state. A spherically symmetric distribution would mean that the quarkonium would
be, on average, unpolarized. Anisotropic distributions signal polarized production.

quarkonium 
rest frame

production 
plane

yx

z

�

�

� +

Figure 2: The coordinate system for the measurement of a two-body decay angular
distribution in the quarkonium rest frame. The y axis is perpendicular to the plane
containing the momenta of the colliding beams. The polarization axis z is chosen
according to one of the possible conventions described in Fig. 3.

The measurement of the distribution requires the choice of a coordinate system,
with respect to which the momentum of one of the two decay products is expressed
in spherical coordinates. In inclusive quarkonium measurements, the axes of the
coordinate system are fixed with respect to the physical reference provided by the
directions of the two colliding beams as seen from the quarkonium rest frame. Figure 2
illustrates the definitions of the polar angle �, determined by the direction of one of the
two decay products (e.g. the positive lepton) with respect to the chosen polar axis, and
of the azimuthal angle ⇥, measured with respect to the plane containing the momenta
of the colliding beams (“production plane”). The actual definition of the decay
reference frame with respect to the beam directions is not unique. Measurements
of the quarkonium decay distributions have used three di�erent conventions for the
orientation of the polar axis (see Fig. 3): the direction of the momentum of one of the

7

μ+

ϕ

θ

zCS

zHX



Ilse Krätschmer (Hephy Vienna)8 April 2013

Need to Measure Full Angular Distribution

• Only λθ in one reference frame was measured in the past

• The full angular decay distribution (three polarization parameters) 
should be measured: Two very different physical cases are 
indistinguishable if only λθ is measured.

• Observed polarization depends on the frame

6

Quarkonium polarization 
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Frame (in)dependence and azimuthal anisotropy 
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Frame Independent Parameter

• Define frame invariant parameters such as λ from the angular 
decay distribution of a given frame

7
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CDF Run II ϒ(nS) Polarization Analysis

8

• Previous results only measured λθ in the HX frame

• In this analysis, λθ, λΦ and λθΦ are determined simultaneously in two 
different reference frames (CS, HX) for ϒ(1S), ϒ(2S) and ϒ(3S) mesons 
– self-consistency of the results is tested with λ 

• A dimuon sample collected in pp̅ collisions at √s = 1.96 TeV, 
corresponding to a total integrated luminosity of 6.7 fb-1, is used

• Estimated number of signal events in the kinematic phase space 
under consideration (pT < 40 GeV, |y| < 0.6):

~

ϒ(1S) ϒ(2S) ϒ(3S)
550k 150k 76k

Details in PRL 108, 151802 (2012): “Measurements of the Angular Distributions of 
Muons from Υ Decays in pp̅ Collisions at √s=1.96  TeV”

CDF
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7

FIG. 6: Values of the rotational invariant quantity �̃ = (�✓ + 3�')/(1� �') calculated in the Collins-Soper frame (black) and
in the S-channel helicity frame (red) as a function of pT (⌥) for the ⌥(1S), ⌥(2S) and ⌥(3S) states. For a given pT interval,

the statistical errors on �̃CS and �̃SH are almost fully correlated.

FIG. 7: Fitted parameters �✓, �' and �✓' as a function of pT , measured in the Collins-Soper frame (top row) and the S-channel
helicity frame (bottom row) for the ⌥(1S). Error bars include both statistical and systematic uncertainties.
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FIG. 8: Fitted parameters �✓, �' and �✓' as a function of pT , measured in the Collins-Soper frame (top row) and the S-channel
helicity frame (bottom row) for the ⌥(2S). Error bars indicate both statistical and systematic uncertainties.

9

FIG. 9: Fitted parameters �✓, �' and �✓' as a function of pT , measured in the Collins-Soper frame (top row) and the S-channel
helicity frame (bottom row) for the ⌥(3S). Error bars indicate both statistical and systematic uncertainties.

FIG. 10: Comparison of the parameter ↵ ⌘ �✓ for ⌥(1S) decays measured in the S-channel helicity frame as a function of pT

with the previously published CDF result[3]. Although the ranges of |y| di↵er, we do not observe the angular distribution to
change rapidly with |y|, at least in the central region of rapidity. The yellow band indicates the range of values suggested by
NRQCD[1] while the magenta curves show predictions of the kT factorization model[2] for two extreme sets of parameters.
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change rapidly with |y|, at least in the central region of rapidity. The yellow band indicates the range of values suggested by
NRQCD[1] while the magenta curves show predictions of the kT factorization model[2] for two extreme sets of parameters.
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helicity frame (bottom row) for the ⌥(2S). Error bars indicate both statistical and systematic uncertainties.
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• Results of the two reference frames are consistent

• No evidence of strong polarization over a wide range of pT
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Comparison to Previous CDF Result

• New CDF Run II result agrees with the previous CDF Run I result
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• λθ, λΦ, λθΦ and λ are measured in three different reference frames 
(PX, CS, HX) for ϒ(1S), ϒ(2S) and ϒ(3S) mesons

• Analysis based on dimuon sample collected in pp collisions in 2011 at 
√s = 7 TeV, corresponding to a total integrated luminosity of 4.9 fb-1

• Estimated number of signal events in the kinematic phase space 
under consideration (pT > 10 GeV, 
|y| < 1.2):

• Analysis performed independently 
in five transverse momentum pT bins
for two dimuon rapidity|y| cells

Details in PRL 110, 081802 (2013):
“Measurement of the ϒ(1S), ϒ(2S) and ϒ(3S) 
polarizations in pp collisions at √s = 7 TeV”

CMS ϒ(nS) Polarization Analysis

12
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Frame Invariant Parameter λ

• Results of all three reference frames are consistent

• No evidence of unaccounted systematic uncertainties

15

~

ϒ(1S) ϒ(2S) ϒ(3S)

pT [GeV]pT [GeV]pT [GeV]

λ~

λ~



Ilse Krätschmer (Hephy Vienna)8 April 2013

CDF vs CMS

• Results from CDF and CMS are 
consistent

• CMS extends the measurements 
beyond the pT and rapidity 
ranges probed by CDF
CDF: pT < 40 GeV, |y| < 0.6
CMS: 10 < pT < 50 GeV, |y| < 1.2

• Measurements do not show 
strong polarizations: puzzling!
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Comparison to Theory

• ϒ(1S) suffers from large χb 
feed-down contribution, 
with unknown polarization

• ϒ(3S) polarization 
calculated more reliably

• Theory predictions do not 
agree with experimental 
results
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Summary and Conclusions
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• CDF as well as CMS measured the polarization of ϒ(1S), ϒ(2S) and 
ϒ(3S) mesons

• Three frame dependent anisotropy parameters λθ, λΦ, λθΦ and the 
frame invariant parameter λ have been measured: CDF determined 
these parameters in two reference frames (CS, HX) while CMS 
obtained results in three different frames (CS, HX, PX)

• CMS results (10 < pT < 50 GeV, |y| < 1.2 ) extended the 
measurements beyond the pT and rapidity ranges probed by CDF 
(pT < 40 GeV, |y| < 0.6)

• No evidence of strong longitudinal or transverse polarizations has 
been observed

~
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Other CMS Talks and Posters

• Torsten Dahms, "ϒ melting in CMS / ALICE", Tuesday, 9:30 - 9:50

• Marco de Mattia, "Bs → µ+µ- in CMS", Tuesday, 14:30-14:50

• Mauro Dinardo, "Measurement of B → K*0 µ+µ- in CMS", 
Tuesday, 16:35 - 16:55

• Luigi Guiducci, "ATLAS, CMS and LHCb Trigger/DAQ systems for 
Flavour Physics", Wednesday, 14:40 - 15:10

• Sara Fiorendi, "Heavy Flavour Spectroscopy and Production in CMS", 
Thursday, 11:35 - 11:55

• Alexis Pompili, "Observation of two structures in the J/Ψ – φ mass 
spectrum of exclusive B+ → J/Ψ φ K+ decays in CMS"

• Martino Dall'Osso, "Measurement of the X(3872) production cross 
section via decays to J/Ψ π π"
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CDF Detector
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FIG. 6: Values of the rotational invariant quantity �̃ = (�✓ + 3�')/(1� �') calculated in the Collins-Soper frame (black) and
in the S-channel helicity frame (red) as a function of pT (⌥) for the ⌥(1S), ⌥(2S) and ⌥(3S) states. For a given pT interval,

the statistical errors on �̃CS and �̃SH are almost fully correlated.

FIG. 7: Fitted parameters �✓, �' and �✓' as a function of pT , measured in the Collins-Soper frame (top row) and the S-channel
helicity frame (bottom row) for the ⌥(1S). Error bars include both statistical and systematic uncertainties.
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FIG. 8: Fitted parameters �✓, �' and �✓' as a function of pT , measured in the Collins-Soper frame (top row) and the S-channel
helicity frame (bottom row) for the ⌥(2S). Error bars indicate both statistical and systematic uncertainties.
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FIG. 9: Fitted parameters �✓, �' and �✓' as a function of pT , measured in the Collins-Soper frame (top row) and the S-channel
helicity frame (bottom row) for the ⌥(3S). Error bars indicate both statistical and systematic uncertainties.

FIG. 10: Comparison of the parameter ↵ ⌘ �✓ for ⌥(1S) decays measured in the S-channel helicity frame as a function of pT

with the previously published CDF result[3]. Although the ranges of |y| di↵er, we do not observe the angular distribution to
change rapidly with |y|, at least in the central region of rapidity. The yellow band indicates the range of values suggested by
NRQCD[1] while the magenta curves show predictions of the kT factorization model[2] for two extreme sets of parameters.
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ϒ(nS) Polarization in the CS Frame, |y| < 0.6
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CMS Detector
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Obtaining Polarization Parameters

1. Events distributed as in the background model are subtracted from 
the data sample

2. Definition of the PPD from the remaining signal-like events

3. Numerical results and graphical representations are determined from 
1D and 2D projections of the PPD

24
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|y| < 0.6
30 < pT < 50 GeV

Full and direct calculation of the Posterior Probability Distribution (PPD) 
of the polarization parameters λθ, λΦ, λθΦ
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Definition of the PPD

   : normalization

W: general angular distribution

ε: dimuon efficiency as a function of the muon momenta 
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Background Subtraction

• Signal region is defined as 
±1σ around mass peak

• Background fraction is 
determined by fits to the 
dimuon mass distribution

• Angular distribution of the 
background events are 
modeled as weighted sums 
of the distributions in the 
sidebands, left of ϒ(1S) and 
right of ϒ(3S) peak

26

• Event-by-event background subtraction of background-like events 
using a likelihood ratio criterion

ϒ(1S)

ϒ(2S)

ϒ(3S)
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Efficiencies

27

• Data-driven single muon efficiencies measured with the Tag&Probe 
method 

• Precise knowledge of efficiencies needed to avoid introducing 
artificial polarization

• Dimuon efficiencies are 
calculated as the product 
of single muon efficiencies

• Correlations between 
muons are negligible 
as seen in detailed MC 
studies

• Efficiencies are accounted 
for on an event-by-event 
basis
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Systematic Effects

• Sources of systematic effects:

- Analysis method

- Background model

- Muon efficiencies

• Systematic uncertainties are propagated to the PPD

• Total uncertainties of the measurements are dominated by 
systematics at low pT and statistics at high pT

• ϒ(2S) and ϒ(3S) systematic uncertainties are dominated by the 
background model uncertainty, especially at low pT

28
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ϒ(nS) Polarization in the PX Frame, |y| < 0.6

29

 [GeV]
T
p

-1

-0.5

0

0.5

1

ϑλ

(1S)Υ

-1 = 7 TeV     L = 4.9 fbsCMS     pp      

 [GeV]
T
p

-1

-0.5

0

0.5

1

ϑλ

(2S)Υ

| < 0.6yPX frame, |

 [GeV]
T
p

-1

-0.5

0

0.5

1

ϑλ

(3S)Υ

 [GeV]
T
p

-0.4

-0.2

0

0.2

0.4

ϕλ

(1S)ΥStat. uncert., 68.3 % CL
Tot. uncert., 68.3 % CL
Tot. uncert., 95.5 % CL
Tot. uncert., 99.7 % CL

 [GeV]
T
p

-0.4

-0.2

0

0.2

0.4

ϕλ

(2S)Υ

 [GeV]
T
p

-0.4

-0.2

0

0.2

0.4

ϕλ

(3S)Υ

 [GeV]
T
p

-0.4

-0.2

0

0.2

0.4

10 15 20 25 30 35 40 45

ϕϑλ

(1S)Υ

 [GeV]
T
p

-0.4

-0.2

0

0.2

0.4

10 15 20 25 30 35 40 45

ϕϑλ

(2S)Υ

 [GeV]
T
p

-0.4

-0.2

0

0.2

0.4

10 15 20 25 30 35 40 45

ϕϑλ

(3S)Υ



Ilse Krätschmer (Hephy Vienna)8 April 2013

ϒ(nS) Polarization in the PX Frame, 0.6 < |y| < 1.2
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ϒ(nS) Polarization in the CS Frame, |y| < 0.6
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ϒ(nS) Polarization in the CS Frame, 0.6 <|y| < 1.2
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